Prolonged hypoxia causes pulmonary hypertension but no change in systemic vasomotor tone.
In an effort to define the mechanisms involved, we determined the effects of 3 and 7 days of hypoxia on adenylate cyclase activity and fi-adrenergic receptor binding characteristics in pulmonary and systemic arteries in an adult rat model of hypoxic pulmonary vasoconstriction produced by hypobaria. Basal and stimulated adenylate cyclase activity were measured in crude membrane preparations by radioimmunoassay for cyclic AMP. Basal enzyme activity in pulmonary arteries did not change with hypoxia, whereas in systemic arteries it increased 3.5-and 5.3 -fold following 3 and 7 days of hypoxia, respectively. GTP-stimulated activity in pulmonary arteries also did not change, but in systemic arteries it increased 7.1-and 5.5-fold. Isoproterenol-stimulated activity in pulmonary arteries was decreased to 49% of controlstimulated activity following 3 days but was similar to control-stimulated activity after 7 days of hypoxia; in systemic arteries it increased 5.6-and 4.6-fold. Sodium fluoride-stimulated activity in pulmonary arteries was unchanged, whereas in systemic arteries it increased 3.8-and 5.3-fold. In contrast, forskolin-stimulated activity, which also was not altered in pulmonary arteries, was increased by only 85% and 71% in systemic arteries. /-Adrenergic receptors were studied with [25I] iodocyanopindolol. Seven days of hypoxia decreased receptor density by 37% and 57% in the pulmonary and systemic arteries, respectively. Receptor affinity for agonists was not altered. Thus, despite downregulation of J3-adrenergic receptors in both artery types, prolonged hypoxia has no sustained effect on adenylate cyclase activity in pulmonary arteries, whereas enzyme activity in systemic arteries is markedly increased. The degrees of enhancement observed with hypoxia in systemic arteries with stimulation at the various points along the cyclase pathway suggest that the augmented enzyme activity is mediated by changes at the level of the stimulatory guanine nucleotide-dependent regulatory protein. (Circulation Research 1990; 66:1526 -1534 In both in vitro and in vivo studies, hypoxia causes pulmonary vasoconstriction and either systemic vasodilation or no change in systemic vasomotor tone. These effects are evident almost immediately following the onset of acute severe hypoxia and also after periods of prolonged hypoxia of milder degree. [1] [2] [3] In both the pulmonary and systemic circulation, the level of contraction of vascular smooth muscle is regulated intracellularly by the calcium messenger system, and this is modified in an antagonistic manner by plasma membrane-bound adenylate cyclase, which converts ATP to cyclic AMP (cAMP) when stimulated, leading to smooth muscle relaxation.4 ,3-Adrenergic receptors coupled to adenylate cyclase are known to mediate vasodilation in the pulmonary and systemic vascular beds.5 In an effort to define the mechanisms underlying the changes in vasomotor tone induced by prolonged hypoxia, the present study was designed to determine the effects of that condition on adenylate cyclase activity and f3-adrenergic receptors in pulmonary and systemic arteries in an adult rat model of hypoxic pulmonary vasoconstriction produced by hypobaria. Basal adenylate cyclase activity, the coupling of the 13-adrenergic receptor to adenylate cyclase activity, and /8-adrenergic receptor binding characteristics were determined in pulmonary and systemic arteries from control and hypoxic animals. We tested the hypothesis that the disparate pulmonary and systemic vasomotor responses to prolonged hypoxia may be in part due to differing effects of that condition on ,3-adrenergic receptor-mediated regulation of adenylate cyclase activity in pulmonary compared with systemic arteries.
Materials and Methods Animal Model
Adult male Sprague-Dawley rats (300-350 g) were used as the animal model. Before study, the rats were housed in an isolated room in wood chip-bedded plastic cages at 230 C with light-dark cycles of 12 hours each. They were given free access to a stock diet and tap water. At the time of study, the rats were randomly assigned either to the control group to remain in room air at normal atmospheric pressure (760 mm Hg) or to one of the two experimental hypoxia groups to be kept in the same room in a steel and Plexiglas hypobaria chamber for 3 or 7 days. During the first day of hypobaria, the rats were subjected to room air at 570 mm Hg (3/4 atm) to allow them to acclimate to the hypoxic conditions. The remainder of the hypobaria challenge was with room air at 380 mm Hg (/2 atm), equivalent to an environment with a fraction of inspired oxygen of 0.105 at normal atmospheric pressure. Airflow through the chamber was regulated such that the volume of air in the chamber was replaced at least once every 2 minutes to prevent hypercarbia.3 Food and water were supplied ad libidum and were replenished daily, necessitating entry into the hypobaria chamber each day for 15 to 30 minutes. This model of hypoxic pulmonary vasoconstriction induced by hypobaria has been used extensively to study the physiological and morphological aspects of pulmonary hypertension. Pulmonary arterial pressure is normal for the first 2 days and is then elevated by 3 days of hypobaria, remaining so with further hypobaria. Systemic blood pressure remains similar to that of control animals. 3, 6 At the end of the control or hypobaria study period, the rats were immediately killed by rapid decapitation.
The main pulmonary arteries and thoracic aorta were removed and cleaned of fat and connective tissue. These arteries were chosen as representative pulmonary and systemic arteries for the following reasons: 1) information regarding 13- The main pulmonary arteries and thoracic aorta were removed from the rats and cleaned as described above. The plasma membrane preparation was performed at 40 C by methods modified from those of Wei et al. 18 Tissue was pooled from three rats for each assay. Following the removal of the adventitia, the sucrose buffer was changed and the tissue was minced with scissors and homogenized twice with a Polytron at setting 8 for 10 seconds. The homogenate was centrifuged at 40 C at 1,500g for 10 minutes, and the resulting supernatant was filtered through two layers of gauze and centrifuged at 40 C at 100,000g for 30 minutes. The pellet formed was resuspended in 5.0 mM HEPES buffer, pH 7.4, with 1.0 mM MgSO4, yielding a protein concentration of 50 to 100 ,gg/ml. ["25I]ICYp, as were studies examining the affinity of the 13-adrenergic receptors for agonists (10-12 to 10-3 M l-isoproterenol, l-epinephrine, and l-norepinephrine). Binding of [`1I]ICYP to both pulmonary and systemic arterial membrane preparations reached equilibrium after 90 minutes of incubation and remained constant for at least an additional 30 minutes. As such, an incubation time of 120 minutes was used for all binding studies. Incubations were performed at 370 C and were terminated by rapid dilution with 4.0 ml of 370 C, and separation of bound and free ligands by filtration through Whatman GF/C filters (Whatman Inc., Clifton, New Jersey) under vacuum, followed by three 4.0-ml rinses of the filters with the same buffer. After drying, the radioactivity collected on each filter was determined by liquid scintillation spectrometry (68% counting efficiency). All determinations were performed in duplicate. Binding curves were generated and the density of receptors (Bmx) and dissocia- 
Results

Adenylate Cyclase Activity
The effect of prolonged hypoxia on basal adenylate cyclase activity in the pulmonary and systemic arteries is shown in Figure 1 . In the control animals, basal Figure  2 ). In the control animals, GTP-stimulated enzyme activity was 5.6-fold greater in the pulmonary than in the systemic arteries. Following 3 and 7 days of hypoxia, there was no change in GTP-stimulated activity in the pulmonary arteries, whereas activity in the systemic arteries was increased by 7.1-and 5.5-fold at 3 and 7 days of hypoxia, respectively.
Stimulation of adenylate cyclase by the 13-adrenergic receptor with l-isoproterenol plus GTP resulted in 4.7-fold greater activity in control pulmonary arteries than in control systemic arteries (Figure 3) . Following 3 days of hypoxia, isoproterenol-stimulated enzyme activity in the pulmonary arteries was decreased to 49% of control-stimulated activity. By Activation of the adenylate cyclase system with sodium fluoride also yielded enhanced activity in control pulmonary compared with control systemic arteries (Figure 4 ). With hypoxia there was no detectable change in sodium fluoride-stimulated activity in the pulmonary arteries, whereas activity in the systemic arteries was increased by 3.8-and 5.3-fold at 3 and 7 days of hypoxia, respectively.
The effect of prolonged hypoxia on forskolinstimulated adenylate cyclase activity in the pulmonary and systemic arteries is shown in Figure 5 . (Table 1 ). The percent specific binding at Kd was greater than 80-90%. f3-Adrenergic receptor density was similar in pulmonary and systemic arteries in the control group. After 7 days of hypoxia, receptor density was decreased by 37% and 57% compared with controls in the pulmonary and systemic arteries, respectively. The dissociation constants for the radioligand were similar in control pulmonary and systemic arteries, and they did not change with hypoxia. The effect of prolonged hypoxia on the affinity of the vascular /3-adrenergic receptors for l-isoproterenol and the naturally occurring agonists /-epinephrine and l-norepinephrine was also determined. Ki for the agonists in control and 7-day hypoxia groups are listed in Table 2 . In the control group, f3-adrenergic receptor affinity for l-epinephrine was similar (Ki was similar) in the two artery types. This was also true for affinity for l-norepinephrine; however, affinity for 1-isoproterenol was greater (Ki was lower) in pulmonary compared with systemic arteries. Furthermore, there were no detectable changes in receptor affinity for any of The water content, protein and DNA content, and the protein-to-DNA ratio in the pulmonary and systemic arteries of control and 7-day hypoxia rats are given in Table 3 . The water content was greater in pulmonary than in systemic arteries in the control group. With 7 days of hypoxia, the water content increased in the pulmonary arteries but did not change in the systemic arteries. The protein content per unit of dry weight was similar in control pulmonary and systemic arteries, and it was not altered following 7 days of hypoxia. The DNA content per unit of dry weight was greater in control pulmonary arteries than in control systemic arteries, and it did not change with hypoxia. The protein-to-DNA ratio was lower in control pulmonary arteries than in control systemic arteries, and it also did not change with hypoxia. likely that the noted alterations in ,B-adrenergic receptor mediation of the adenylate cyclase system at 3 days of hypobaria are not critically involved in the pathogenesis of the persistent pulmonary hypertension associated with prolonged hypoxia, because they were not maintained at 7 days of hypobaria and because basal enzyme activity was not detectably altered. A degree of caution may be warranted, however, in the extrapolation of our findings in large conducting vessels to events occurring at the level of the small resistance arteries. Studies of the increase in the contractile force generated by main pulmonary artery rings from the rat under acute hypoxic conditions in vitro have yielded results quite similar to the response of the isolated perfused rat lung, suggesting that the mechanisms mediating vasomotor tone in the main pulmonary arteries may mimic those in the smaller resistance arteries.2 But the function of the adenylate cyclase system itself has not yet been compared in large and small pulmonary arteries, so it is therefore not yet confirmed that the findings for adenylate cyclase in the large arteries directly reflect enzyme function in the smaller resistance vessels.
It should be noted that there is precedence for the existence of adenylate cyclase system abnormalities in hypertensive vascular beds. Investigations of the spontaneously hypertensive rat have revealed decreased 3-adrenergic receptor density, decreased cAMP content, decreased adenylate cyclase activity, and decreased 83-adrenergic receptor-mediated vasodilation compared with control rats in a variety of systemic arteries studied.8,28-30 Moreover, it has been found that prolonged hypoxia attenuates the development of systemic hypertension in the spontaneously hypertensive rat. 31 The observations made in the present study suggest that prolonged hypoxia may result in diminution of the systemic hypertension in that model because of the resulting increase in adenylate cyclase activity in the systemic arteries.
In contrast to the differing effects of hypoxia on adenylate cyclase activity in the two artery types, the downregulation of arterial ,B-adrenergic receptors with prolonged hypoxia occurred in both pulmonary and systemic arteries. Voelkel and coworkers32 have shown that a similar phenomenon occurs in the rat myocardium following 5 weeks of chronic hypobaric hypoxia. In their study, the loss of cardiac /3-adrenergic receptors was prevented by the coadministration of lowdose propranolol, suggesting that the decrease in the density of the receptors was due to chronically increased receptor occupancy as a result of elevated concentrations of circulating and neuronally released catecholamines. It is possible that a similar mechanism may have been involved in the downregulation of pulmonary and systemic arterial ,B-adrenergic receptors demonstrated in our study. Ki values for isoproterenol, epinephrine, and norepinephrine were similar in control and 7-day hypoxia groups, indicating that the effect of prolonged hypoxia on the arterial 8-adrenergic receptor is primarily on receptor density and not on receptor affinity for agonists.
In light of the observed changes in adenylate cyclase activity and /3-adrenergic receptor density per unit of plasma membrane protein, it was desirable to assess if changes in cell size occurred with hypoxia in the arteries tested in our experiments. Extensive morphological studies of the peripheral intrapulmonary arteries of the rat have shown that structural changes occur that increase in severity with continuing exposure to hypobaric hypoxia. The thickness of the medial layer in muscular arteries increases, muscle extends into more peripheral and smaller arteries than is normal, and the number of peripheral arteries decreases. 33 In the more proximal extrapulmonary arteries that we studied, we found that the DNA content per unit dry weight and the protein-to-DNA ratio of both artery types did not change with hypoxia. This indicates that cell size in these arteries was most likely not affected by prolonged hypoxia and that the observed changes in plasma membranebound enzyme activity and receptor density were not related to alterations in the amount of plasma membrane present per cell.
In summary, in an effort to define the mechanisms underlying the changes in pulmonary and systemic vasomotor tone associated with prolonged hypoxia, we determined the effects of 3 and 7 days of hypobaria on adenylate cyclase activity and 83-adrenergic receptors in pulmonary and systemic arteries of the rat. Prolonged hypoxia has little effect on pulmonary artery adenylate cyclase activity except for an initial, unsustained decrease in isoproterenol-stimulated activity. In contrast, there are dramatic increases in basal and stimulated enzyme activity in the systemic arteries. Adenylate cyclase activity is maintained in the former and is markedly augmented in the latter artery type with hypoxia despite downregulation of ,3-adrenergic receptors, and our studies suggest that these changes in the systemic arteries are mediated by enhanced Gs function. It is speculated that the effects of prolonged hypoxia on the regulation of adenylate cyclase activity in the systemic arteries may contribute to the maintenance of normal systemic blood pressure during prolonged hypoxia.
